To better understand the molecular mechanisms governing oligodendrocyte (OL) differentiation, we have used gene profiling to quantitatively analyze gene expression in synchronously differentiating OLs generated from pure oligodendrocyte precursor cells in vitro. By comparing gene expression in these OLs to OLs generated in vivo, we discovered that the program of OL differentiation can progress normally in the absence of heterologous cell-cell interactions. In addition, we found that OL differentiation was unexpectedly prolonged and occurred in at least two sequential stages, each characterized by changes in distinct complements of transcription factors and myelin proteins. By disrupting the normal dynamic expression patterns of transcription factors regulated during OL differentiation, we demonstrated that these sequential stages of gene expression can be independently controlled. We also uncovered several genes previously uncharacterized in OLs that encode transmembrane, secreted, and cytoskeletal proteins that are as highly upregulated as myelin genes during OL differentiation. Last, by comparing genomic loci associated with inherited increased risk of multiple sclerosis (MS) to genes regulated during OL differentiation, we identified several new positional candidate genes that may contribute to MS susceptibility. These findings reveal a previously unexpected complexity to OL differentiation and suggest that an intrinsic program governs successive phases of OL differentiation as these cells extend and align their processes, ensheathe, and ultimately myelinate axons.
Introduction
We are interested in understanding the development and function of oligodendrocytes (OLs), the myelin-forming glial cells of the CNS. OLs are generated by oligodendrocyte precursor cells (OPCs), which are derived from precursors in germinal areas of the CNS (Rowitch, 2004) . OPCs then migrate and proliferate throughout the CNS before differentiating into myelinating OLs. In addition to forming myelin sheaths to enhance nerve conduction velocity, OLs serve other important functions: they play a crucial role in organizing axonal voltage-dependent Na ϩ and K ϩ channels, induce a profound increase in myelinated axon diameter, help buffer K ϩ ions released by axons, and provide neurotrophic support (Baumann and Pham-Dinh, 2001 ).
The molecular mechanisms that control OL development and function are still poorly understood. Several transcription factors have been identified that are necessary for OPC and OL generation. These include SOX10, OLIG1, and OLIG2, and homeodomain proteins of the Nkx family (Wegner, 2001; Stolt et al., 2002; Zhou and Anderson, 2002; Masahira et al., 2006; Nakamura et al., 2006; Wu et al., 2006) . These various transcription factors are expressed by both OPCs and OLs, and mutations in some of these genes lead to the loss of OPCs as well as OLs. It remains unclear whether these transcription factors are sufficient to govern the final stages of OL differentiation, or whether additional transcription factors or other gene expression changes are required. Genetic screens using invertebrate model systems have been a powerful approach for understanding the molecular basis of neuronal specification, but because OLs are mostly a vertebrate adaptation we know much less about their generation. An alternative to genetic screening is to use recently developed gene profiling methods. Previous gene profiling studies of OPCs and OLs have focused on either the process of demyelination versus remyelination in CNS tissue derived from cuprizonedemyelinated animals (Jurevics et al., 2002; Arnett et al., 2003) , or on the differences between uncommitted neural precursors and OPCs (Hu et al., 2004) , as opposed to the terminal differentiation step of primary OPCs into mature OLs.
In the present study, we have used our ability to highly purify and culture primary OPCs from the developing CNS (Barres et al., 1992 (Barres et al., , 1993 to elucidate the gene expression changes occurring specifically during the OPC to OL transition. Using this preparation, we have addressed the issue of whether OL differentiation is a rapid, single event or a prolonged, multistep process. Previous studies have found that OPCs differentiate relatively rapidly (2-3 d) into OLs expressing myelin basic protein, proteolipid protein, and other major myelin proteins, but a few OLspecific genes, such as myelin oligodendrocyte glycoprotein and myelin-associated oligodendrocyte basic protein, are specifically induced several days later (Holz and Schwab, 1997; Baumann and Pham-Dinh, 2001 ). It remains unknown whether these lateexpressed genes are indicative of a distinct phase of OL differentiation, or simply represent a small subset of genes upregulated by axonal contact or other environmental cues during the final stages of myelination. Our ability to purify and induce the differentiation of OPCs provided us with the unique opportunity to observe in fine temporal detail the intrinsic differentiation program of a homogenous population of isolated, fate-restricted mammalian cells.
Using Affymetrix microarrays to analyze gene expression during synchronous OL differentiation from OPCs in vitro, we were able to discern that this process is unexpectedly prolonged and occurs in distinct temporal stages, each of which are indicated by the induction and repression of multiple genes. By disrupting the normal expression patterns of transcription factors linked to these separate stages, we have demonstrated that genes induced early and late during OL differentiation can be independently regulated. Furthermore, similar patterns of gene expression observed in OLs generated in vitro and in vivo indicate that the complete program of normal OL differentiation can take place in the absence of heterologous cell-cell interactions. Finally, by comparing genomic loci associated with inherited increased risk of multiple sclerosis (MS) to genes regulated during OL differentiation, we have identified several new candidate genes for MS susceptibility.
Materials and Methods
Detailed protocols are available on request from B. A. Barres at barres@stanford.edu.
Cell purification. Cortical OPCs and OLs were purified by sequential immunopanning as described previously (Chan et al., 2004) . Briefly, brains were obtained from postnatal day 7 (P7) (for OPCs) or P10 -P12 (for OLs) Sprague Dawley rats (Charles River, Wilmington, MA), and the cerebellum and midbrain/hindbrain structures were removed by crude dissection. Tissue was diced and digested in papain (Worthington, Lakewood, NJ) at 37°C for 90 min, and then gently dissociated. Dissociated P7 brains were sequentially immunopanned on Ran-2, antigalactocerebrosidase (GalC), and then O4 antibody-coated plates to select GalC Ϫ O4 ϩ OPCs. Dissociated P10 -P12 brains were sequentially immunopanned on Ran-2, 2ϫ A2B5, and then anti-GalC antibodycoated plates to select A2B5 Ϫ GalC ϩ OLs. After rinsing nonadherent cells away, acutely purified OLs or OPCs were incubated directly on the final panning plate in differentiation or proliferation promoting medium, respectively, for 30 min at 37°C, 10% CO 2 to allow for brief recovery of gene expression before harvesting cells for RNA. Purified OPCs to be cultured were removed from the final panning plate with trypsin (Sigma, St. Louis, MO) and transferred to poly-D-lysine (pDL) (Sigma)-coated tissue culture dishes or 12 mm glass coverslips in 24-well tissue culture plates containing proliferation medium.
Cell culture. All cells were cultured at 37°C, 10% CO 2 in DMEM (Invitrogen, Carlsbad, CA) containing human transferrin (100 g/ml), bovine serum albumin (100 g/ml), putrescine (16 g/ml), progesterone (60 ng/ml), sodium selenite (40 ng/ml), N-acetyl-L-cysteine (5 g/ml), D-biotin (10 ng/ml), forskolin (4.2 g/ml), bovine insulin (5 g/ml) (all from Sigma), glutamine (2 mM), sodium pyruvate (1 mM), penicillinstreptomycin (100 U each) (all from Invitrogen), Trace Elements B (1ϫ; Mediatech, Herndon, VA), and CNTF (10 ng/ml; gift from Regeneron, Tarrytown, NJ). Proliferation medium also contained OPC mitogens PDGF-AA (10 ng/ml) and NT-3 (1 ng/ml) (both from PeproTech, Rocky Hill, NJ); differentiation medium also contained triiodothyronine (T3) (40 ng/ml; Sigma) without OPC mitogens.
RNA purification and gene chip hybridization. Total RNA was isolated from acutely purified or cultured cells with the RNeasy mini kit (Qiagen, Valencia, CA), using Qiashredder columns for cell lysis, and inserting Qiagen on-column DNase steps to remove any contaminating genomic DNA. For each sample, 1-2 g of total RNA was amplified according to protocols recommended by Affymetrix (Santa Clara, CA). Briefly, a poly-T primer containing a T7 RNA polymerase site was used to generate first-strand cDNA. After subsequent second-strand cDNA generation, RNA was generated using the Ambion (Austin, TX) T7 MegaScript kit. One microgram of each first-round amplified cRNA sample was amplified a second time, using random hexamers to prime first-strand cDNA generation, and reincorporating T7-poly-T primers during secondstrand cDNA generation. Biotin-labeled cRNA was then generated from the entire quantity of each second-round generated cDNA sample (ENZO BioArray HighYield RNA Transcript Labeling kit; ENZO, Farmingdale, NY), fragmented, and applied to Affymetrix rat genomic U34A-C chips at the Stanford Protein and Nucleic Acid Biotechnology Facility according to Affymetrix protocols.
Data analysis. CEL files obtained via MAS 5.0 (Affymetrix) were analyzed in GeneTraffic 3.2 (Stratagene, La Jolla, CA), using the robust multichip analysis (RMA) method to obtain individual probe set expression values (Irizarry et al., 2003) . For analyses of gene expression changes, the baseline value for each individual probe set was set as the arithmetic mean of the expression values of the four OPC replicate samples on the corresponding probe set. Fold expression level changes relative to average OPC levels (individual expression level/average OPC expression level) were calculated for each individual biological replicate time point sample and expressed on a log 2 scale. The four log 2 (fold expression level changes) for each distinct time point were then averaged to obtain the geometric mean of the expression level changes (subsequently referred to as "OPC normalized log 2 expression"). Statistical analyses described in Results were performed on OPC normalized log 2 expression values. To obtain "raw" expression values presented for each time point (supplemental Table S2 , available at www.jneurosci.org as supplemental material; etc.), OPC normalized log 2 expression values were anti-logged, and multiplied by the baseline average OPC expression value. Present/marginal/absent calls for individual probe sets were obtained by comparing perfect match to mismatch probe set intensities in MAS 5.0. Mouse and human homologs to the rat genes represented by Affymetrix probe sets were identified either in HomoloGene when data were available, or by BLAST searching with sequences corresponding to rat Affymetrix probe sets when not present in HomoloGene (http://www.ncbi.nlm.nih.gov/). Information on genomic localization was also obtained from the National Center for Biotechnology Information (NCBI) database. Functional gene classifications were derived from Gene Ontology information found in NCBI and Stanford SOURCE databases (http://genomewww5.stanford.edu), and from independent literature mining. To determine in situ expression patterns for selected genes, we consulted the Allen Brain Atlas (http://www.brain-map.org/), Brain Gene Expression Map (http://www.stjudebgem.org/), and GENSAT (NCBI) databases.
Comparative RT-PCR. IntraSpec Comparative RT-PCR was performed according to Ambion protocols. Briefly, a first RNA sample is reverse-transcribed with a poly-T primer that has an additional specific sequence "tag" 10 bp upstream of the poly-T region. A second RNA sample is similarly reverse-transcribed with a poly-T primer containing the same specific primer "tag" 50 bp upstream of the poly-T. Subsequently, when the two samples are mixed together in equal amounts (as determined by radioisotope incorporation into cDNA) and amplified with a single PCR primer pair (a 5Ј gene-specific primer, and a 3Ј primer to the "tag" added downstream of the poly-A tail during cDNA generation), two products different by 40 bp are generated, corresponding to relative amounts of the target gene in the two original samples. RNA was obtained from acutely purified OPCs and OLs, two separate preps for each, distinct from preps used for gene chip hybridizations. In the first pair, OPC cDNA was generated with the short primer, and OL cDNA with the long primer. In the second pair, the cDNA primers were reversed.
Immunostaining. Purified OPCs were plated onto pDL-coated 12 mm glass coverslips in 24-well tissue culture plates and cultured similarly to Figure 1 . Expression patterns of genes regulated during OL differentiation. A, OPCs purified from P7 rat brains were plated into proliferation medium (prolif) in several parallel dishes. At 24 h after plating (day 0, "OPC"), cultures were switched entirely into differentiation medium (diff). Remaining cells were fed differentiation medium at days 4 and 7. Asterisks (*) correspond to time points at which RNA samples were collected; the "OPC" sample was taken from cells never exposed to differentiation medium. Below the time line are phase contrast pictures of cultured OPCs as they differentiate into OLs at indicated time points. No additional morphological changes are seen past day 5 in differentiation medium. B, The purity of the initial OPC cultures was assessedafter24hinproliferationmedium.CultureswerestainedforNG2(OPC,91.3%),GC(OL,4.5%),GFAP[astrocytes(AS),3.4%],and neurofilament[neurons(N),0.7%].NotethatonlytheNG2 ϩ cellsappearedfullyhealthyatthistimepoint(datanotshown).C,Expression patternsofthe953selectedhighlyregulatedAffymetrixprobesets.Eachhorizontallineinthefigurecorrespondstooneselectedprobeset, with average expression levels at each of the indicated time points illustrated in the eight corresponding columns; AcOL, acutely purified OL. For each probe set, expression values depicted are changes relative to the starting average OPC expression level, expressed on a log 2 scale. All changes Ն4ϫ up (Նlog 2 2) are strongest yellow, and all changes Ն4ϫ down (Յlog 2 Ϫ2) are strongest blue. Gene expression patterns were grouped using the average hierarchical clustering method with a Pearson correlation as the distance metric in GeneTraffic(Stratagene);similarexpressionpatternsarelabeled:probabletype2astrocyteinred,upregulatedinyellow,stronglyupregulated only in acutely purified OLs in orange, early expression peak followed by downregulation in green, and downregulation in blue. D, Cumulative expression pattern frequency for the selected regulated probe sets. Individual probe set expression patterns are listed in supplemental Table S2 (available at www.jneurosci.org as supplemental material). Here, "down" also includes probe sets that appear transiently downregulated but also lower in acute OL samples ("dip-down" on supplemental Table S2 , available at www.jneurosci.org as supplementalmaterial),and"peak"includesprobesetsthatpeakandthendroptolevelslowerthanOPCs("peak-down"onsupplemental Table S2 , available at www.jneurosci.org as supplemental material). The percentages for each expression pattern are as follows: up, 45.12%; up-acute, 8.18%; acute, 0.73%; peak-acute, 3.04%; peak, 4.93%; type 2, 7.66%; down, 27.6%; down-acute, 2.73%.
Transfections. OPCs were purified from P7 Sprague Dawley rat brains and cultured for 6 d in proliferation-promoting medium as described above in pDL-coated tissue culture flasks. Expanded cultures were then gently lifted from flasks: 10% trypsin-EDTA solution (25300-054; Invitrogen) diluted in Earle's balanced salt solution for 6 min at 37°C, and then an equal volume of 20% fetal calf serum (FCS) (10437-028; Invitrogen) in Dulbecco's PBS was added, and OPCs were rinsed off and pelleted at 220 relative centrifugal force for 15 min. OPCs were resuspended in DMEM and pelleted again to rinse away all trypsin and FCS. A total of 2-3 ϫ 10 6 aliquots of OPCs was resuspended in 100 l of Amaxa OPC nucleofection reagent (VPG-1009; Amaxa, Gaithersburg, MD) and 1.5-3.0 g of pC1-eGFP (CMV promoter-driven eGFP expression; 6084-1; Clontech, Mountain View, CA) plus the following: 2.5 g of pSPORT6-UHRF1 (CMV promoter-driven mouse UHRF1 expression; MMM1013-64849; Open Biosystems, Huntsville, AL), 120 pmol of siControl nontargeting small interfering RNA (siRNA) pool (targets firefly luciferase; D-001206-13; Dharmacon, Lafayette, CO), 120 pmol of siGenome SMARTpool rat SOX10 (Dharmacon M-090803-00), 120 pmol of siGenome SMARTpool rat ZFP536 (Dharmacon M-082235-00). OPCplasmid/siRNA mixes were then electroporated with the Amaxa nucleofection apparatus, O-17 program. Transfected OPCs were plated at 30,000 cells/pDL-coated glass coverslips and incubated for 4 d in DMEM-Sato medium lacking PDGF and NT-3. Coverslips were then stained for GFP and either MBP or MOG expression as described above.
To assay effects of alterations of transcription factor expression on myelin gene expression, the percentage of transfected (GFP ϩ ) cells positive for early (MBP) or late (MOG) myelin gene expression was scored blind for each condition, 100 -300 cells counted per coverslip, three coverslips scored per trial. Data were normalized to control levels of marker (MBP or MOG) expression within an individual trial (control for CMV-UHRF1 plasmid transfections, CMV-eGFP plasmid only transfections; control for siZFP536 and siSOX10 pool transfections, nontargeting siRNA pool transfections). There were no significant differences in MBP or MOG expression between these two groups of controls (data not shown).
Results

Generation of a comprehensive database of gene expression during OL differentiation
To characterize the detailed temporal program of OL differentiation, we analyzed the global gene expression changes occurring in acutely isolated populations of primary cortical rat OPCs as they synchronously differentiated into mature OLs (see Materials and Methods). The purified GalC Ϫ O4 ϩ OPCs were expanded in mitogens (PDGF and NT-3) in a defined, serum-free medium in the absence of thyroid hormone (T3) for 24 h before mRNA isolation to provide a baseline gene expression level in a highly enriched population of undifferentiated, NG2
ϩ OPCs (Ͼ90% OPCs, and Ͼ95% OL-lineage cells) (Fig. 1 B) . Parallel cultures were then switched into differentiation-promoting medium, lacking PDGF/NT-3 and containing T3 (Barres et al., 1993 (Barres et al., , 1994 , and mRNA was isolated at various time points as the OPCs differentiated into OLs over a 9 d period (Fig. 1 A) . After 3-4 d of culture, 90 -95% of the cells had differentiated into multipolar GalC ϩ and myelin basic protein ϩ (MBP) OLs. Despite the absence of serum, ϳ5-10% of the OPCs consistently differentiated into type 2 astrocytes (2As) instead of OLs (assayed by immunostaining) (data not shown), most likely because of the production of 2A-inducing signals by the differentiating OLs such as BMP-4 (see Table 2 ) (Mabie et al., 1997) .
For the gene chip experiments, four independent OPC purifications and differentiation time courses were performed, providing four biological replicates per time point. Individual labeled mRNA samples were hybridized to the entire set of Affymetrix rat genomic U34 chips (A-C) to analyze gene expression on the total set of 26,202 rat gene and expressed sequence tag (EST) probe sets available. Gene expression levels were assigned using the RMA method in GeneTraffic 3.2, and average gene expression level changes (relative to OPC levels) were calculated for each time point from the four biological replicates (see Materials and Methods). The results of the entire time course experiment are provided in supplemental Table S1 (available at www. jneurosci.org as supplemental material).
Because we were using an in vitro system to characterize OL differentiation, we also examined whether gene expression by the terminally differentiated OLs that we were generating in vitro mirrored that of OLs that are generated in vivo. We isolated acutely purified mature OLs from P10 -P12 rat brains by immunopanning to Ͼ99% purity (see Materials and Methods) and immediately purified their expressed RNA. Four independent acute OL purifications were performed and analyzed on Affymetrix rat genome U34A-C chips as described above, allowing us to compare gene expression in these acutely isolated OLs to the expression levels obtained in our in vitro time course (see below).
Identification of a set of genes that are highly regulated during OL differentiation To identify genes likely involved in specifying the OL phenotype, we focused on the genes most strongly regulated during OL differentiation. Analysis of the gene expression data revealed that only 824 probe sets (3.1%) demonstrated a more than fourfold change (up or down) relative to OPC levels at any time point or in the acutely purified OLs. To further characterize the gene expression data, we used a recently developed one-sample moderated Hotelling T 2 statistic to rank the probe sets according to the statistical relevance of their expression changes over time (Tai and Speed, 2006) . We compared the top 824 statistically ranked probe sets to the 824 most highly changing probe sets, and found that 695 (84%) were indeed present on both lists. Interestingly, of the 129 probe sets identified solely by the statistical analysis, 61 (47%) did change more than fourfold during OL differentiation: they were briefly induced and subsequently repressed, producing an overall change of more than fourfold over the analyzed course of OL differentiation, but never more than a fourfold change relative to OPC expression levels. In all, 953 strongly regulated probe sets were identified, which cumulatively corresponded to 778 unique genes (as assayed by determining which rat Unigene cluster each probe set sequence belongs to) (http://www.ncbi.nlm. nih.gov/) (supplemental Table S2 , available at www.jneurosci.org as supplemental material). The expression time courses of these 953 selected probe sets are graphically depicted in Figure 1C . By comparing gene expression levels in OLs after 7 and 9 d of differentiation (days 7 and 9), we found that only 63 of these 953 probe sets change Ͼ1.5-fold and only 17 change Ͼ2-fold between these two time points, indicating that gene expression changes have mostly leveled off by the end of the time course. In comparison, we found that 244 of 953 probe sets change Ͼ1.5-fold and 83 of 953 probe sets change Ͼ2-fold between days 5 and 7. Thus, as judged by the time course of gene expression changes, OL differentiation is unexpectedly prolonged, being nearly complete only by 7 d in vitro.
We next wanted to determine whether the OLs we had generated in our in vitro time course of OL differentiation were similar to OLs generated during normal development in vivo. To do this, we examined the degree of similarity between gene expression in the in vitro-generated OLs and the acutely isolated OLs. A total of 191 of the 953 probe sets showed a more than twofold difference between day 9 and acutely purified OL expression levels. Of these, 73 probe sets (representing 52 unique genes) were induced in vitro but expressed at levels similar to or lower than OPC levels in the acutely purified OLs, a pattern we would predict for genes specifically upregulated in the small percentage of type 2 astrocytes generated in our cultures that are not present among acutely purified OLs. Consistent with this, GFAP, which is expressed by 2As (Miller et al., 1985) , and other well described astrocyte genes, shared this expression pattern. Therefore, these probable "2A" genes were excluded from additional analyses, leaving 880 probe sets (726 unique genes) identified as strongly regulated in differentiating OLs. Of the remaining 118 of 880 (13.4%) probe sets that showed more than twofold differences between the in vitro and in vivo OLs, the majority demonstrated quantitative but not qualitative differences. For instance, 78 of these were induced in vitro, but were simply more strongly induced in the acutely purified OL samples ("up-acute") (Fig. 1 D; supplemental Fig. S1C , available at www.jneurosci.org as supplemental material). As expected, among the OL genes that were induced in our in vitro time course were many previously characterized myelin-enriched genes (supplemental Table S3 , available at www.jneurosci.org as supplemental material). In fact, we found no myelin genes expressed by the acutely purified OLs that were not also highly upregulated during OL differentiation in vitro, recapitulating previous findings that, unlike Schwann cells, most genes important to myelination are highly expressed by cultured OLs in the absence of neurons (Baumann and Pham-Dinh, 2001; Jessen and Mirsky, 2005) . Remarkably, just seven probe sets were only induced in vivo while showing no change of expression in vitro ("acute") ( Fig. 1C ; supplemental Table S2 , available at www. jneurosci.org as supplemental material). Thus, there was a remarkable similarity in gene expression between OLs generated in vitro and in vivo, with the exception primarily of a small group of genes that were likely derived from contaminating 2As generated in vitro.
Validation of gene chip data
We next performed several analyses to confirm the accuracy of the OL differentiation-induced gene changes that we identified using gene profiling. First, we performed comparative RT-PCR to compare gene expression levels between acutely isolated OPCs and OLs. Using this approach, we assayed a total of 55 unique genes from our selected Affymetrix probe set list (supplemental Table S4 , available at www.jneurosci.org as supplemental material). Although the selection of genes to be assayed was not random, it was based on gene ontology (mostly transcription factors and some additional putatively secreted proteins) rather than expression level or degree of induction/repression. The set of genes assayed included probe sets at all levels of expression (peak expression levels from 112 to 7274), induction (3.7-71ϫ), and repression (Ϫ3.9 to Ϫ18ϫ). The set of assayed genes are therefore fairly representative of the distribution of expression patterns and levels seen in our 880 selected "non-2A pattern" probe sets.
Using this method, we were able to qualitatively detect and confirm not only robust gene expression changes, such as amyloid ␤ precursor-like protein 1 (APLP1) and apolipoproteinD (ApoD), which were upregulated during OL differentiation by 10-and 71-fold, respectively, but also the 4-fold changes that served as the cutoff for our selected genes [such as transducin-like enhancer of split 1 (TLE1), which was upregulated by 4-fold, and Ets variant gene 1 (ETV1), which was downregulated by 5-fold] (Fig. 2 A) . Overall, we found that 93% of the gene expression changes assayed were independently verified (Fig. 2 B; supplemental Table S4 , available at www.jneurosci.org as supplemental material). The verification rate was similar for genes selected by our statistical method (96%) and by identifying fourfold changes relative to OPC levels (91%), with even genes selected only by fourfold changes (i.e., not statistically selected) having a high verification rate (71%). These data therefore suggest that the majority of in vitro gene expression changes identified in our Affymetrix data set (excluding the 2A genes) correspond to gene changes that occur during OL differentiation in vivo.
To determine whether any of the upregulated OL genes were normally expressed in white matter, we mined the Allen Brain Atlas, GENSAT, and BGEM in situ expression databases. Data were found for 70 of 84 highly expressed and upregulated OL genes identified from our time course, and nearly 80% of these (55 of 70) were expressed in white matter areas in one or more of the databases, including 33 that appeared to be most strongly expressed in white matter areas (Tables 1, 2 ). These include several genes not previously cited as being expressed in OLs, such as genes coding for the transmembrane proteins GLTP and TMEM10, the secreted protein SEPP1, and a putative transcription factor CSRP1 (Allen Brain Atlas; http://www.brain-map. org/). The percentage of the genes expressed in white matter may be even higher than detected here. For instance, three of the genes not detected in white matter in the online databases analyzed (GPD1, DPYSL4, and BNIP3L) have in fact been previously cited as expressed in OLs (Tables 1, 2 ). In addition, the Allen Brain Atlas, on which the majority of these genes were found, displays only adult expression patterns. Given that some OL genes are downregulated by adulthood after a peak of expression during early myelination (for instance, SIRT2 expression peaking at P7; GENSAT database), and that 11 of the 15 genes not detected in white matter were assayed only on the Allen database, we expect that the actual percentage of our identified genes that are expressed by OLs at some stage in their development is likely to be Ͼ80%.
Finally, we examined whether we could independently verify the distinct temporal patterns of gene expression seen during OL differentiation at the protein level. For example, our data indicated that cyclic nucleotide phosphodiesterase 1 (CNP1) and myelin oligodendrocyte glycoprotein (MOG) were both induced in OLs, and that CNP1 was induced earlier than MOG (Fig. 3 A, B ). These findings are consistent with previous observations (Baumann and Pham-Dinh, 2001 ). To confirm these distinct temporal patterns of expression correspond to changes at the protein level, we immunostained purified OPCs as they differentiated into OLs at various time points (Fig. 2C) . We found that the time courses of CNP1 and MOG protein expression closely paralleled the differential gene regulation seen in our gene chip data, indicating that the distinct phases of gene expression seen in the gene chip data can be recapitulated in normally differentiating OLs. Together, these lines of evidence based on the known literature, RT-PCR, in situ hybridization patterns, and protein levels confirm that the gene changes we identified are valid and significant.
Terminal OL differentiation occurs in distinct temporal stages As shown in Figure 1 , most of the 953 probe sets that are strongly up or downregulated as OLs differentiate do not show a temporally complex expression pattern, but are instead simply induced or repressed over the 9 d time course of OL differentiation. However, a closer examination of Figure 1C shows that these broad classifications can be further subdivided by the initiation of expression level changes, with some genes altering their expression immediately on exposure to differentiating conditions, whereas other genes are not induced or repressed until 24 -48 h after the initiation of differentiation. The temporal profiles of gene expression changes detected in our OL differentiation time course were highly reproducible in replicate analyses (supplemental Fig.  S1 A-C, available at www.jneurosci.org as supplemental material).
To investigate whether the transformation of OPCs into mature OLs represents a single terminal differentiation step or a series of sequential regulated stages, we plotted the levels of expression of several known myelin-enriched genes over the 9 d time course of OL differentiation. Interestingly, we found that these genes were not induced concurrently, but rather were segregated into two broad temporal categories: an early group of myelin genes that is induced immediately on differentiation (Fig.  3A) and a second group whose induction is delayed by 48 h or more (Fig. 3B) . Similarly, we identified several other highly upregulated OL genes belonging to nearly every functional group that could be categorized as either early or late induced (supplemental Fig. S1 D-G and Table S5 , available at www.jneurosci.org as supplemental material). For instance, the OL-enriched genes PNLIP and CHN2 are induced early during OL differentiation, whereas transferrin, SEPP1, and CTSL are all upregulated several days later (supplemental Table S5 , available at www.jneurosci.org as supplemental material). Although we have divided these temporal phases into two main groups of genes (immediate induction vs 48 -72 h delay), several of the OL genes, such as MAL and transferrin, were initially induced as late as 5 d after differentiation commenced, whereas other non-myelin-related genes, such as IKBB and CHES1, were initially induced at intermediate time points (24 h delay).
The two broad phases of myelin gene induction are paralleled by similar changes in distinct sets of transcription factor genes, with one subset of transcription factors being upregulated rapidly early in OL differentiation (Fig. 4 A) , and a second subset of transcription factors that are induced only after a delay of 2 or more days (Fig. 4 B) . We also identified distinct groups of downregulated transcription factor genes that are either repressed early (Fig. 4C) or with a distinct delay (Fig. 4 D) after the induction of OL differentiation. These downregulated transcription factors may represent genes that repress OL maturation; at least three of The two comparative RT-PCRs for each gene are as follows: acute OPC-10 bp tag plus acute OL-50 bp tag (P1ϩO5; OL level upper band) and acute OL-10 bp tag plus acute OPC-50 bp tag (O1ϩP5; OL expression lower band); upregulated genes have stronger OL sample bands. L, 100 bp DNA ladder. B, Cumulative comparative RT-PCR verification rates for tested genes. A gene was considered "verified" if its expression was qualitatively similar in both the gene chip and RT-PCR data (e.g., both showing higher levels in OLs relative to OPCs). A total of 51 of 55 selected Affymetrix probe sets was independently verified (all), including 37 of 40 tested transcription factor genes listed in supplemental Table S6 (available at www.jneurosci.org as supplemental material); verification rates were 46 of 48 for probe sets identified by statistical analysis (stat) and 42 of 46 for probe sets changing Ն4ϫ relative to OPC levels (4ϫ). Among probe sets selected only by fourfold changes (not statistically selected; 4ϫ only), 5 of 7 tested probe sets were verified. C, Comparison of protein expression and gene expression time courses. Average CNP1 (L16532_at; black squares) and MOG (M99485_at; black triangles) RNA expression levels from Affymetrix at various time points during OL differentiation; expression levels relative to OPC levels expressed on a log 2 scale, shown as percentages of maximal day 7 expression levels. To assay protein expression, purified P7 OPCs were cultured as depicted in Figure 1 A. The percentages of healthy cells strongly expressing CNP1 (gray squares) and MOG (gray triangles) were assayed by immunostaining at the time points indicated. All data points are presented ϮSEM (n ϭ 4 for RNA; n ϭ 3 for protein).
these genes, early growth response 1 (EGR1), myelin transcription factor 1 (MYT1), and myelocytomatosis oncogene (MYC), have been previously implicated in repressing OL differentiation (Sock et al., 1997; Orian et al., 2001; Nielsen et al., 2004) . Interestingly, a few transcription factors are expressed with a pattern similar to the late-stage cell cycle control genes (Figs. 3D, 4E ), and two of these, UHRF1 and HMGB2, have been previously implicated in cell cycle progression (Yamazaki et al., 1995; Arima et al., 2004) .
These data provide evidence that OL differentiation is an unexpectedly prolonged multistep process.
Distinct stages of OL differentiation can be independently regulated
Do the temporally distinct waves of gene expression we observe represent discrete stages of normal OL differentiation? To begin to address this question, we tested whether the early and later The 50 unique genes most highly induced during OL differentiation are listed. Genes listed in bold are present in both Tables 1 and 2 . In cases in which more than one Affymetrix probe set (Probe set ID) corresponding to the same gene was highly regulated, only the most strongly regulated is listed. Note that genes with a likely 2A expression pattern are not included. Fold change, Highest expression level/lowest expression level in time course; positive numbers are upregulated relative to OPCs. Peak level, Highest raw level of expression seen at any time point in the gene chip experiment. Allen, B/G, Determination whether in situ expression of listed genes is detected in white matter areas of the CNS as determined from the Allen Brain Atlas (http://www.brain-map.org/) or the BGEM/GENSAT databases (http://www.stjudebgem.org/, http://www.ncbi.nlm.nih.gov/). -, Not found.ˆWhite matter enriched expression patterns not previously reported in the literature. Data from the BGEM and GENSAT databases were identical except for EPBL41L2 (only found on GENSAT), Tf and SEPT5 (only found on BGEM). Prev cit, If expression was previously reported in the CNS, the reference is listed (see supplemental material, available at www.jneurosci.org). -, Not previously reported in CNS. In Allen, B/G, and Prev cit, the asterisk (*) indicates a white matter enriched expression pattern or previously reported expression specifically in CNS white matter or OLs.
phases of OL gene expression could be independently regulated. We compared the effects of disrupting the normal expression of a transcription factor known to be involved in regulating the initial stages of OL differentiation, SOX10, to the effects of disrupting transcription factors regulated during the later phase of OL differentiation. We chose ZFP536, a putative transcription factor that is upregulated eightfold late in OL differentiation (Fig. 4 B; supplemental Table S6 , available at www.jneurosci.org as supplemental material), and UHRF1, discussed above, which is repressed eightfold late in OL differentiation (Fig. 4 E; supplemental Table S6 , available at www.jneurosci.org as supplemental material). These genes are two of the transcription factors that are most robustly regulated during the later phase of terminal OL differentiation. Comparatively, SOX10 is induced 2.7-fold, be- Top 50 OL-specific expressed genes. The 50 unique genes most strongly expressed specifically in mature OLs are listed. Genes listed in bold are present in both Tables 1 and 2 . In cases in which more than one Affymetrix probe set (Probe set ID) corresponding to the same gene was highly expressed, only the most strongly expressed is listed. Genes with a likely 2A expression pattern were excluded. OL level, Highest raw expression level seen at the day 7, day 9, or acutely purified OL time points (mature OLs). Fold change, Highest expression level/lowest expression level in time course, positive numbers are upregulated relative to OPCs. Allen, B/G, Determination whether in situ expression of listed genes is detected in white matter areas of the CNS as determined from the Allen Brain Atlas (http://www.brain-map.org/) or the BGEM/GENSAT databases (http://www.stjudebgem.org/, http://www.ncbi.nlm.nih.gov/); -, Not found.ˆWhite matter enriched expression patterns not previously reported in the literature. Data from the BGEM and GENSAT databases were identical except for EPBL41L2 (only found on GENSAT), Tf and SEPT5 (only found on BGEM). Prev cit, If expression was previously reported in the CNS, the reference is listed (see supplemental material, available at www.jneurosci.org). -, Not previously reported in CNS. In Allen, B/G, and Prev cit, the asterisk (*) indicates a white matter enriched expression pattern or previously reported expression specifically in CNS white matter or OLs. Note that AF030089UTR#1_at (ANIA4, 5345 at day 9) and AF023087_s_at (EGR1, 4290 at day 9) were excluded because they are more highly expressed in OPCs (Table 4) .
ginning immediately on induction of OL differentiation [supplemental Table S1 , probe set AJ001029_at (available at www. jneurosci.org as supplemental material)].
To disrupt the normal expression patterns of these genes, we either overexpressed UHRF1 to prevent its normal repression, or knocked down ZFP536 or SOX10 to prevent their normal induction during OL differentiation. Purified P7 OPCs were cultured and then transfected with either CMV promoter-driven mouse UHRF1, or with siRNA pools designed to knock down ZFP536 or SOX10 expression. Transfected cells were then cultured in differentiation-promoting medium for 4 d and stained for either early-induced (MBP) or later-induced (MOG) myelin gene expression (Fig. 5) . Knock down of SOX10 and ZFP536 by siRNA transfection was confirmed by semiquantitative RT-PCR (supplemental Fig. S3 , available at www. jneurosci.org as supplemental material). As expected, knock down of SOX10 levels reduced the number of MBP-expressing cells relative to control, nontargeting siRNA transfections (Fig. 5 A, B) . Comparably, knock down of late-induced ZFP536 or overexpression of late-repressed UHRF1 reduced the number of MOGexpressing cells relative to controls (Fig.  5C-E) . A more thorough examination of the effects of disrupting early and late transcription factor expression is shown in Figure 5F . We find that preventing normal regulation of the late-phase transcription factors, by blocking the normal induction of ZFP536 or the normal repression of UHRF1, selectively reduces expression of the late-phase gene MOG without disrupting normal levels of MBP expression. Conversely, reduction of normal levels of SOX10, which is induced early and has been previously shown to be involved in early OL generation (Stolt et al., 2002) , selectively blocks MBP expression without affecting levels of the later-induced gene MOG. The fact that we do not observe 100% repression of MBP or MOG in these experiments likely reflects a combination of incomplete knock down (in the case of siRNA transfections) coupled with the presence of compensatory (potentially similarly regulated) transcription factors in the OLs. Cumulatively, these results provide evidence that the two discrete phases of myelin gene expression that we observe (Fig. 3 A, B) are regulated by distinct programs.
Functional classification of genes regulated during OL differentiation
To obtain a more comprehensive appreciation of the gene expression changes occurring during OL differentiation, we grouped all of the regulated genes we identified by biological function (Fig. 6) . One hundred seventy-six of these genes were either ESTs or genes with no known biological function, many of which may represent previously unrecognized genes important to OL differentiation. Among known genes, those involved in signal transduction and metabolism make up the largest classes of regulated genes. The several identified regulated genes involved in either cytoskeleton/motility or membrane trafficking/metabolism may be involved in either myelin sheath generation (induced genes) or OPC migration (repressed genes). In addition, the 51 transcription factors identified as dynamically regulated during OL differentiation could serve as intrinsic regulators of OL myelin gene expression (supplemental Table S6 , available at www.jneurosci.org as supplemental material). Differential expression of the majority of these transcription Table S3 , available at www.jneurosci. org as supplemental material). A, Genes induced immediately after PDGF/NT3 withdrawal and T3 exposure are highlighted in color (OSP, MBP, UGT8, CNP1, PLP) , with late-induced myelin-related genes shown in gray. B, Genes whose induction is delayed after PDGF/NT3 withdrawal and T3 exposure are highlighted in color (Tm4sf11, Tspan2, MOG, MAG, ASPA, MOBP, MAL) . C-E, Expression patterns of all regulated cell cycle/DNA replication genes (supplemental Table S7 , available at www.jneurosci.org as supplemental material). C, Genes repressed soon after PDGF/NT3 withdrawal and T3 exposure are highlighted in color, with remaining genes shown in gray. D, Genes that immediately peak and are subsequently downregulated after PDGF/NT3 withdrawal and T3 exposure are highlighted in color. E, Genes induced after PDGF/NT3 withdrawal and T3 exposure are highlighted in color. In all graphs, expression levels are determined as average fold changes relative to average OPC levels and expressed on a log 2 scale at the time points indicated. AcOL, Acutely purified OL sample.
factor genes was independently verified by comparative RT-PCR (supplemental Table  S4 , available at www.jneurosci.org as supplemental material).
An important area of investigation has been understanding how OPC proliferation is coupled to OL differentiation, and the nature of the intracellular timer within OPCs that counts and limits the maximum number of times they can divide before differentiating. To obtain a more detailed view of cell cycle gene regulation, we plotted the time courses of the expression of all the regulated cell cycle and DNA repair/ replication genes we identified (Fig. 3C-E) . As indicated in Figure 6 B, most of these genes were either immediately suppressed as expected (Fig. 3C) , or briefly peaked before being repressed (Fig. 3D) . Predictably, regulated genes associated with the early G 1 /S and S phases of mitosis are repressed early ( Fig. 3C ; supplemental Table S7 , available at www.jneurosci.org as supplemental material). Genes associated with the later phases of mitosis underwent a brief 2 d boost in expression level followed by repression, as OPCs already committed to DNA synthesis completed the cell cycle after being switched into differentiationpromoting medium ( Fig. 3D ; supplemental Table S7 , available at www.jneurosci. org as supplemental material). These include a large number of genes involved in regulating the G 2 /M phase transition or progression through M phase. Finally, we identified a few cell cycle associated genes that are highly induced during OL differentiation, such as CHES1, PKMYT1, and CDKN1C ( Fig. 3E ; supplemental Table S7 , available at www.jneurosci.org as supplemental material), which are, consistent with their expression patterns, known inhibitors of the cell cycle (Lee et al., 1995; Booher et al., 1997; Pati et al., 1997) .
Analysis of genes most highly expressed by OLs or induced during differentiation
To learn more about OL differentiation and function, we next generated two gene lists: first, a list of the 50 genes most strongly induced during OL differentiation (Table 1) ; second, a list of the 50 genes that were most highly expressed by mature OLs but not by OPCs (Table 2 ). To generate this second list, we chose the 50 genes with the highest expression levels from among the day 7, day 9, or acute OL data points within our selected list of highly regulated genes (supplemental Table S2 , available at www. jneurosci.org as supplemental material), excluding those genes with higher expression at the earlier time points, or genes with likely 2A expression patterns. This allowed us to focus on genes specifically enriched in the mature OLs. Only 16 genes are present on both lists, whereas the remaining 68 genes are only present on one of the two lists. Interestingly, expression of only 32 of these 84 genes had previously been described in OLs. Among the remaining 52 genes, 34 had been detected generally in the brain or only in neurons, and for 18 (including 7 uncharacterized ESTs) no CNS expression had been previously reported. In addition, 13 of these 52 genes are most highly expressed in white matter areas of the CNS as shown by in situ hybridization (Tables 1, 2) . We have therefore identified several genes with strong OL expression patterns, which have been previously unreported. Although a complete discussion of all of these genes is beyond the scope of this paper, we discuss some of the most interesting genes that we identified below.
We first examined genes that are both highly induced and highly expressed by OLs. As expected, 6 of the 16 genes present on both of these gene lists are known myelin genes: myelin basic protein (MBP), proteolipid protein (PLP), UDP glycosyltransferase 8 (UGT8), claudin-11 (also called OSP), myelin associated glyco- Table S6 , available at www.jneurosci.org as supplemental material). A, Genes induced immediately after PDGF/NT3 withdrawal and T3 exposure are highlighted in color (KLF9, MLR1, EPAS1, ELF1, LITAF, TSC22d4, CARHSP1), with later-induced genes shown in gray. B, Genes whose induction is delayed for 2-3 d after PDGF/NT3 withdrawal and T3 exposure are highlighted in color (ZFP536, CSRP1, PCAF, KUA, APLP1, APP, CREB3L2, EYA4, KLF13, RILP, TLE1) . C, D, Transcription factors repressed during OL differentiation. C, Genes repressed immediately after PDGF/NT3 withdrawal and T3 exposure are highlighted in color (FOSL2, CITED2, CEBPB, HMGA2, GCF2, EGR1, HMGA1) . D, Genes whose downregulation is delayed after PDGF/NT3 withdrawal and T3 exposure are highlighted in color (DAT1, SOX11, ETV5, DNMT1, MYT1, ETV1 ). E, Transcription factors that immediately peak and are later repressed after PDGF/NT3 withdrawal and T3 exposure (TRIP13, HMGB2, HMGB3, UHRF1) are plotted. In all graphs, expression levels are determined as average fold changes relative to average OPC levels and expressed on a log 2 scale at the time points indicated. AcOL, Acutely purified OL sample; TF, transcription factor. protein (MAG), and myelin oligodendrocyte basic protein (MOBP) (Baumann and Pham-Dinh, 2001 ). The remaining 10 genes are all very likely important for normal OL function, because they were as highly upregulated and as highly expressed as the myelin proteins. One of the most surprising of these is pancreatic lipase (PNLIP). Although PNLIP has been thought to be specific to the pancreas, CNS expression of a pancreatic-like lipase by an enzymatic assay has been previously shown by Tsujita et al. (1998) . We confirmed the localization of the PNLIP protein in the myelinated optic nerve by Western blotting (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). PNLIP hydrolyzes triglycerides into fatty acids in the digestive system (Lowe et al., 1989) , and may therefore provide a source of fatty acids incorporated into membranes during myelination. Interestingly, pancreatic lipase release during pancreatitis is implicated in pancreatic encephalopathy demyelination (Estrada et al., 1979) , raising the question of whether OL PNLIP misregulation could be involved in other demyelinating diseases such as MS.
Three of the identified OL-specific genes, two of which encode transmembrane proteins, are particularly interesting candidates for roles in mediating myelination. The high level of expression and upregulation of septin 5 (SEPT5) is of particular interest, because septins play important roles in directing polarized addition of membrane (Beites et al., 2005) , suggesting that septin proteins may play a crucial role in myelination. Transmembrane protein 10 (TMEM10) is a mostly uncharacterized protein that is highly enriched in white matter and whose gene is upregulated 24-fold during OL differentiation (Table 1) , making it a novel candidate CNS myelin protein. Finally, we also detected myelin protein zero like 1 (MPZL1) as being highly expressed in mature OLs, both in vitro and especially in vivo (Table 2; supplemental Table S2 , available at www.jneurosci.org as supplemental material). MPZL1 was identified via its functional interaction with the tyrosine phosphatase SHP-2, and found to share a 46% sequence identity with the extracellular region of P0 (Zhao and Zhao, 1998) , which is an integral component of peripheral myelin. The potential roles of these proteins in CNS myelination are interesting questions for future investigation.
Analysis of the genes most highly expressed by OPCs
To identify genes specific to immature OPCs, we focused on the 50 genes most strongly repressed during OL differentiation (Table 3) , and also on the 50 genes that were most strongly expressed specifically by OPCs (Table 4) . As was the case with the list of most strongly expressed OL genes, we chose the 50 highest expressed genes at the OPC time point from within our set of highly regulated genes (supplemental Table S2 , available at www. jneurosci.org as supplemental material), and also excluded upregulated genes, to generate a list of genes specifically enriched in the immature OPCs. Because we were focusing on genes expressed in the OPCs, we did not exclude genes with 2A expression patterns; genes induced in 2As but still very strongly expressed in the original pure OPC population could be important to normal OPC function. Only 11 of 89 genes identified in this way are present on both of these OPC-specific gene lists.
Perinatal OPCs are a highly proliferative cell type, and therefore not surprisingly ϳ25% of the OPC-enriched genes encoded cell cycle or DNA synthesis proteins (Tables 3, 4) . OPCs are also known to be highly migratory cells in vitro and in vivo. We have identified a set of highly expressed OPC-specific genes that are likely to produce proteins involved in regulating cellular motility. These include reelin, the microtubule-destabilizing protein STMN3 (Curmi et al., 1999) , the CDC42-interacting protein FNBP1L (Ho et al., 2004) , and the actin-interacting motor protein TPM4 (Helfman et al., 1999) . ANIA4, one of the most . All control-normalized data were averaged and presented ϮSEM; control-MBP, n ϭ 15; siSOX10-MBP, n ϭ 9; siZFP536-MBP, n ϭ 3; CMV-UHRF1-MBP, n ϭ 3; control-MOG, n ϭ 15; siSOX10-MOG, n ϭ 6; siZFP536, n ϭ 3; CMV-UHRF1-MOG, n ϭ 6. *p Ͻ 0.01, post hoc Holm-Sidak test compared with control. strongly expressed OPC-specific genes, is a close homolog of doublecortin and CaM kinase-like 1, which effects microtubule polymerization and has been detected in migrating neuronal cells (Lin et al., 2000) . One of the most unexpected findings is that OPCs express high levels of several different neuropeptide genes, including secretogranin II, chromogranin B, VGF, and galanin, suggesting that in addition to serving as OL precursors they are highly secretory cells. In light of the fact that OPCs have recently been shown to receive functional synapses from neurons (Lin and Bergles, 2004) , the finding of high levels of secreted peptides within OPCs intriguingly suggests that these cells may release these peptides on receiving synaptic input. Another interesting finding is the detection of neuroglycan C gene expression, which has been recently characterized as a novel ErbB3/ErbB2 ligand (Kinugasa et al., 2004) . This is interesting, because ErbB2 activation enhances OL differentiation and survival (Fernandez et al., 2000; Park et al., 2001; Kim et al., 2003) , suggesting the possibility that, in the early stages of OL differentiation, OPC-derived neuroglycan C could provide support for newly forming OLs until they tightly wrap axons, whereupon the axonally expressed ErbB2 ligand neuregulin could then support myelinating OLs (Barres and Raff, 1999) .
Association of genes regulated during oligodendrocyte differentiation to MS-linked genetic loci
Several diseases in humans disrupt normal CNS myelin, such as Canavan's disease, Pelizaeus-Merzbacher disease, and multiple sclerosis (Schiffmann and Boespflug-Tanguy, 2001; Franklin, 2002; Surendran et al., 2003) . Although gene mutations that cause the first two of these have been identified, the gene loci that govern MS susceptibility are still unknown. To determine whether any of the genes we have identified could be linked to genomic loci associated with demyelinating disorders, we first determined the closest mouse and human homologs and corresponding genomic loci for each of our identified highly regulated OL genes (supplemental Table S2 , available at www.jneurosci.org as supplemental material). This list can therefore be consulted when a genomic region of interest associated with myelin disruption has been characterized; genes linked to such loci that are regulated during OL differentiation would merit a higher degree of initial scrutiny. In collaboration with the Popko Laboratory, we have already used this list to identify a novel myelindisrupting mutant allele of the aspartoacylase gene (ASPA) isolated in a forward genetic screen (M. Traka, R. L. Wollmann, J. C. Dugas, S. R. Cerda, B. A. Barres, and B. Popko, unpublished observation) . By correlating known MS-linked loci to genes highly regulated during OL differentiation, we next generated a list of positional candidate genes potentially involved in MS susceptibility. Fernald et al. (2005) have performed a comprehensive analysis of 29 published linkage analyses for human cases of MS. By identifying chromosomal regions that have been independently identified in three or more previous studies, they have generated a list of loci highly likely to be involved in inherited increased risk of MS. Table 5 are the genes identified in our time course experiment that lie within 2 Mb of these loci and are thus good candidates for genes that may help determine MS susceptibility. Some of these genes, such as MOG and CRYAB, have been previously implicated as causative antigens in MS (van Noort et al., 1995; van Veen et al., 2003; O'Connor et al., 2005) . Others represent novel candidate genes whose potential causative roles in MS can be investigated in future studies.
Shown in
Discussion
OL differentiation progresses fully in the absence of heterologous cell-cell interactions
We have taken advantage of our ability to purify and stimulate the differentiation of primary mammalian OPCs to complete the first detailed genomic analysis of OL differentiation. By working with a pure population of primary OPCs, we were able to characterize with fine temporal resolution the cell-autonomous gene expression changes that produce a mature OL from a committed precursor cell. This allowed us to conclude that the cessation of OPC cell division and subsequent terminal OL differentiation is actually a complex, multistep process, which requires several days to reach completion. It has been widely demonstrated that external stimuli from axons and other sources can affect OL survival, differentiation, and myelin sheath formation (Barres et al., 1993 (Barres et al., , 1994 Barres and Raff, 1999; Stevens et al., 2002; Kim et al., 2003) , but to our surprise we found little evidence for an axonal role in controlling OL gene expression. To determine how closely our in vitro study recapitulates normal OL differentiation, we have compared the gene expression profile of our in vitro-generated OLs to that of acutely isolated OLs that have matured in vivo. We found the two populations of cells to be remarkably similar, indicating that mitogen withdrawal and T3 exposure can promote full OL differentiation in the absence of heterologous cell-cell interactions. Therefore, although OLs rely on external cues for trophic support and coordinating the initiation of differentiation, the complex series of molecular events that produce a mature OL after the termination of OPC division appears to be intrinsically programmed. Once this intrinsic program has reached its com- Table S2 , available at www.jneurosci.org as supplemental material) was assigned to one or more of the biological functional groups listed. Multiple probe sets recognizing the same gene were categorized only once; some single genes are assigned to more than one functional group. A, Functional category frequency of genes regulated during OL differentiation, excluding likely type 2 astrocyte (2A) genes. Notes on categories: ion transport includes ion channels; myelin, genes enriched in myelin sheaths; membrane, membrane synthesis and trafficking; ecm, extracellular matrix component; dna repl/repair, DNA replication or repair; rna processing includes RNA splicing genes; est, unknown ESTs and genes of unknown function. B, Functional characterization of selected regulated genes grouped by expression pattern. All-2A: All regulated genes excluding probable 2A genes; up: up, up-acute, and acute patterns; acute: acute and up-acute patterns; down: down and dipdown patterns; peak: peak and peak-down patterns; pk-ac: peak-acute and peak-down-acute patterns; 2A: probable type 2 astrocyte pattern.
pletion, axons may regulate myelin formation by triggering the exocytosis of expressed, endosomally stored myelin proteins (Trajkovic et al., 2006) . The data set that we have generated is fully available for all investigators (supplemental Table S1 , available at www.jneurosci.org as supplemental material) and should serve as a useful data set for many future investigations.
Terminal OL differentiation is a sequential multistep process
It is already appreciated that the generation of a myelinating OL occurs in several well defined differentiation stages. First, multipotent neural stem cells generate committed OPCs, after which OPCs generate terminally differentiated, myelinating OLs. Our findings demonstrate that sequential stages of cell differentiation continue to occur during the postmitotic stages of OL differentiation. There are previous observations consistent with these data. For instance, CNP1 and GalC (the major myelin sphingolipid produced by UGT8) are known markers of early OL differentiation, whereas MOG and MOBP accumulate only in very mature OLs (Holz and Schwab, 1997; Baumann and Pham-Dinh, 2001 ). Our data extend this previous work by showing that there are at least two distinct sequential stages of postmitotic OL differentiation. We have better defined the OL genes that are expressed early (Solly et al., 1996) , the relative levels of gene expression in these two populations predominantly mimic our temporal in vitro observations (B. Emery and B. A. Barres, unpublished observations). These different waves of gene expression are not limited to the myelin genes, and in fact distinct temporal patterns of expression are seen for genes of all functional classes.
These findings raise an important question: Why are there distinct sequential stages of terminal OL differentiation? Our un- The 50 unique genes most strongly expressed specifically in undifferentiated OPCs are listed. Genes listed in bold are present in both Tables 3 and 4 . In cases in which more than one Affymetrix probe set (Probe set ID) corresponding to the same gene was highly expressed, only the most strongly expressed is listed. OPC level, Raw expression level at the OPC time point. Fold change, Highest expression level/lowest expression level in time course; negative numbers are downregulated relative to OPCs. Genes that show a 2A expression pattern are denoted by an asterisk (*). Note that M81225_at (FNTA, 2103 at OPC time point), rc_AI233362_at (LAMP1, 1911 at OPC), rc_AA848813_at (REEP5, 1851 at OPC), and rc_AI102031_at (BIN1, 1687 at OPC) were excluded because they are more highly expressed in mature OLs.
published time-lapse studies of CNS myelination (T. A. Watkins and B. A. Barres, unpublished observations) clearly demonstrate at least two morphological stages of OL differentiation. After an OL is generated, it must first extend processes along axons, selecting which axons it will align with and ensheathe, and only subsequently does it myelinate these axons. The two waves of myelin gene expression we observe may correspond to these two stages of morphological differentiation. In fact, in culture, even in the absence of axons, the first few days of OL differentiation are characterized by robust process outgrowth, whereas the last few days are associated with membranous elaboration from these processes (Fig. 1 A) . Consistent with this possibility, CNP1, which is induced early in OL differentiation, is involved in regulating microtubule-based cytoskeletal changes (Lee et al., 1995) . According to this model, the synchronous gene changes invoked when an OL begins to differentiate may act as a built-in timer, providing the OL several days to find and ensheathe axons, at which time myelination may be triggered. The successive stages of gene expression during OL differentiation also raises the question of whether an OL that has myelinated can ever myelinate again, for instance after myelin is lost in demyelinating diseases such as MS. Quite possibly, an OL can only play out this intrinsic program once in its lifetime. Last, we have shown that myelin genes expressed in successive stages of OL terminal differentiation are differentially controlled by distinct, coordinately regulated transcription factors. These data provide evidence for the existence of distinct functional programs driving the successive stages of OL differentiation. Our identification of genes that are able to control different stages of OL gene expression will allow us to determine the functional consequences of selectively disrupting later stages of OL gene expression in future experiments. Furthermore, because these two stages of OL differentiation can be controlled independently, it might be possible under pathophysiological circumstances for the first stage of OL differentiation to occur but for the subsequent stage to be inhibited. This raises the question of whether the failure of remyelination to occur in MS plaques, even when surviving OLs are present and contacting axons (Lucchinetti et al., 1999) , could be attributable to such a halt in OL differentiation. Using the specific markers of early and late OL differentiation that we have identified, this possibility can now be tested. If so, a more complete understanding of how the later stage of OL differentiation is controlled may reveal novel ways in which to promote remyelination.
Identification of novel candidate genes that may intrinsically control OL differentiation
We identified a number of transcription factor genes that are dynamically regulated during OL differentiation. We have demonstrated that two of these, UHRF1 and ZFP536, genes previously unstudied in OLs, specifically regulate genes expressed in the later phase of OL differentiation. These findings demonstrate the utility of genomic expression analysis in identifying novel regulators of OL differentiation, and we anticipate that several other transcription factors identified here will also be found to be playing important roles in generating mature OLs.
Another interesting candidate for regulating OL differentiation is CDKN1C. CDKN1C (also known as p57 KIP2 ), which is induced by p73, is one of the earliest and most rapidly upregulated genes during OL differentiation, and is a powerful intracellular inhibitor of cell proliferation (Lee et al., 1995; Blint et al., 2002) . A recent study has determined that CDKN1C is required in zebrafish for neural progenitor cells to stop dividing and generate OPCs, and thus for normal OL generation (Park et al., 2005) . Our finding that CDKN1C is upregulated as OPCs differentiate into OLs suggests a potentially important role in inducing terminal OL differentiation as well.
The transcription factors we have identified as highly regulated in distinct temporal waves during OL differentiation are excellent new candidates for controlling this complex process, and we have begun to assay these various genes for their ability to regulate OL differentiation. Fully characterizing the regulation of terminal OL differentiation may lead to a greater understanding of how this process is disrupted in leukoencephalopathies such as MS, and may also enhance our ability to specify pools of potentially remyelinating cells from uncommitted pools of precursor cells for cellular replacement therapies.
Identification of new candidate genes that may govern MS susceptibility
We identified several new genes expressed by OLs that are potential candidates for influencing MS susceptibility (Table 5) . Perhaps the most interesting potential MS candidate newly identified here is SEPP1, which is upregulated by Ͼ20-fold as OLs differentiate, making it one of the most strongly induced OL genes (Table 1) . Moreover, it is highly enriched in adult white matter by in situ hybridization (Allen Brain Atlas). SEPP1 is required to maintain normal selenium levels in several tissues, including the CNS (Hill et al., 2003) , and deficiencies in SEPP1 lead to neurological defects (Schweizer et al., 2004) . Although selenium and SEPP1 have been found to be strongly neurotrophic (Yan and Barrett, 1998) , these effects may also partially be mediated by disruptions in normal OL development: selenium is required for the survival and differentiation of oligodendrocyte lineage cells in vitro (Bottenstein, 1986) , and for myelin gene upregulation (Gu et al., 1997) . In addition, there have been suggestions that environmental deficits in selenium could be a contributing risk factor for MS (Hasanen et al., 1986; Irvine et al., 1989) and that selenium supplementation might be beneficial (Clausen et al., 1988) . These factors all combine to make SEPP1 a strong candidate for the MS susceptibility gene located at 5p12-13. Future studies will be important to determine the relevance of these new candidate genes in MS.
